Abstract In order to determine the timing and mechanisms of the spontaneous diploidisation throughout microspore-derived embryogenesis in barley, we have estimated the ploidy level of individual nuclei within young pro-embryos, from the first androgenetic division up to multinuclear structures still surounded by the exine. Our methodological approach was based on the measure of the intensity of fluorescence after 4,6-Diamidino-2-phenylindole dihydrochloride staining, nuclear size and number of nucleoli in the confocal microscope. This method avoids the overlapping of the fluorescence signal in multinuclear pro-embryos, which cannot be studied using cytophotometer methods based on other types of fluorescence microscopes. The identification of haploid and diploid nuclei enabled us to determine the timing of diploidisation at early stages throughout androgenetic development. We found that diploidisation is an ongoing process that can start after the first embyogenic division and continues in multinuclear pro-embryos. Reconstruction of 3D-images of entire pro-embryos and the observation of cross and longitudinal sections across stacks of optical sections, together with correlative light and electron microscopy, provided evidences of nuclear fusion as the main mechanism of diploidisation.
Introduction
The normal pollen developmental programme involves the establishment of a cell polarity in the microspore followed by its asymmetrical division, giving rise to the vegetative and generative cells with a different nuclear organisation, cell cycle progression, gene activity and fate (Bedinger 1992; McCormick 1993; Gonza´lez-Melendi et al. 2000) . This developmental pathway leading to the formation of the pollen grain (the male gametophyte) can be diverted at specific, immature developmental stages towards cell proliferation and haploid embryogenesis upon exposure to a stress treatment (e.g. starvation, low or high temperature). This is morphologically comparable with zygote-derived embryogenesis in vitro (Kumlehn et al. 1997 (Kumlehn et al. , 1998 . Depending on species, genotype, pretreatments and culture conditions, androgenesis or microspore-derived embryogenesis varies in efficiency (Guha and Maheshwari 1964; HeberleBors 1985; Touraev et al. 1997) . In some species, e.g. in cereals, a spontaneous diploidisation results in doubled haploid plants (Li and Devaux 2003) . This technology can potentially be used in functional genomics approaches as well as in crop improvement for genetic transformation, which upon diploidisation will result in transgenic plants homozygous for the gene of interest in a much faster way than with conventional transformation methods. Preliminary studies in barley have shown that efficient transformation with Agrobacterium is feasible right after the breakdown of the exine and the release of the young embryos (J. Kumlehn et al., in preparation) . The diploidisation know-how would, therefore, help to permit the control of this process to optimise current protocols for the production of doubled haploids and to plan future strategies of embryo transformation in order to efficiently yield doubled haploid primary transformants.
The available data about the rate of diploidisation of plants regenerated from microspore or pollen-derived embryogenesis come from flow-cytometric analysis of somatic tissues from the regenerated plantlets (Li and Devaux 2003) . In order to find out when diploidisation starts and how it takes place, early developmental stages throughout embryogenesis, from the first division up to multinuclear pro-embryos still confined within the exine, must be studied. Flow cytometry is not applicable to study the diploidisation within these very early stages of microspore-derived embryogenesis because the developing structures are still surrounded by the autofluorescent exine. Furthermore, it is not suitable to relate the overall DNA content of the nuclei of the pro-embryos with their developmental stage. The exine also makes microspore-derived embryos impermeable to probes used as specific markers of ploidy in in situ hybridisation experiments and the primary and secondary antibodies used to reveal the hybridised probes.
The alternative is to use the fluorescence microscope to quantify measurable features in nuclei labelled with DNA-specific, fluorescent probes (Kasha et al. 2001; Williams and Friedman 2002; Testillano et al. 2004 ). Some of these methods require that adjacent nuclei are separated from each other for relative densitometry measurements of nuclear DNA (Kasha et al. 2001; Testillano et al. 2004 ). These methods are not easily applicable to study multinuclear pro-embryos containing overlapping nuclei in 2-D images. This problem has been partially overcome by Williams and Friedman (2002) who measured relative DNA levels of 4,6-Diamidino-2-phenylindole dihydrochloride (DAPI)-stained nuclei from serial semithin sections collected from samples embedded in glycol methacrylate. This reinforces the importance of slicing the specimens for accurate measurements. Our approach consisted of using the confocal microscope to collect stacks of optical sections across entire DAPI-stained pro-embryos. An additional advantage of the confocal microscope is that it provides 3-D images to study the spatial distribution of the nuclei within the pro-embryos.
We employed several distinct cytomorphometric criteria to estimate the ploidy level of the nuclei. We measured the intensity of fluorescence, nuclear size and number of nucleoli in the nuclei of early proembryos from the first embryogenic division up to multinuclear structures before the breakdown of the exine. Our confocal analysis is more adequate than those based on conventional fluorescence microscopes because the 3-D information of the specimens can be sliced in stacks of consecutive optical sections spanning single, complete nuclei for an accurate measure. This avoids the overlapping of the fluorescence signal coming from adjacent nuclei, which can result in misleading conclusions because it limits the study to pro-embryos with a few, well separated nuclei. We were also able to relate the ploidy level to the developmental stage of the pro-embryos in order to determine the timing of diploidisation throughout the cultures. 3D-confocal imaging, together with correlative light and electron microscopy unveiled the mechanism of diploidisation.
Material and methods

Material
As donor plants, we used the winter barley genotype Hordeum vulgare L. cv. Igri (Dr. J. Ackermann & Co., Irlbach, Germany). The plants were grown in a greenhouse under controlled conditions (14/12°C day/night, 16 h light, 10,000-16,000 lx, relative humidity about 70%).
Microspore isolation and in-vitro culture
Barley generative tillers were harvested when the tips of the awns had just emerged from the sheath of the flag leaf. Spikes of this developmental stage mainly possess anthers that contain vacuolated microspores. Harvested tillers were sprayed with 70% ethanol in order to decontaminate their surface. All subsequent steps were carried out under sterile conditions. Upon dissection of a spike, the awns were removed by use of forceps. As specified under Results, for some experiments, the spikes were pre-treated at 4°C for 4 weeks to stimulate androgenic development. For this purpose, five spikes were placed on wet filter paper inside a 9-cm petri dish subsequently sealed with Nescofilm. To isolate the microspores, 10-15 spikes were chopped off to 1-2-cm segments that were then transferred to a Waring Blendor (Eberbach, Ann Arbor, MI/ USA) pre-cooled in a refrigerator. Spike homogenisation was done with 18 ml of ice-cold 0.5 M mannitol solution two times for 5 s at 'low' speed. In contrast to freshly harvested spike material, for cold-pretreated spikes, 0.4 M mannitol was used at all steps through the isolation protocol. The resulting homogenate was poured through a 100-lm nylon mesh (Wilson, Nottingham, UK) into a vessel on ice. The debris retained on the mesh was gently squashed with forceps, rinsed with 10 ml of mannitol solution and transferred back into the blender. Homogenisation was then repeated by using 12 ml of mannitol solution and the debris washed again with 10 ml. The pollen suspension collected was transferred into a 50-ml tube and centrifuged at 100 g for 10 min at 4°C. Upon removal of the supernatant, the pellet was resuspended in 8 ml of ice-cold 0.55 M maltose. This volume was evenly distributed to two 15-ml tubes and each aliquot cautiously overlayered by 1.5 ml of mannitol solution. After gradient centrifugation at 100 g for 10 min at 4°C, the interphase band consisting of an almost pure population of vacuolated microspores was resuspended in a final volume of 20 ml filled up by mannitol solution. Prior to final centrifugation of the microspore suspension, two 15-ll samples were taken to assess the population density by means of a haemocytometer and to calculate the total number of microspores obtained. The pelleted microspores were diluted in an appropriate volume of either starvation medium (HMG: 0.4 M maltose, 1 mM CaCl 2 and 2 mM MES, pH 5.5. Kumlehn and Loerz 1999) or microspore culture medium (K99 supplemented with 4 lM benzyladenine, Deutsch et al. 2004 ) to obtain the desired population densities as specified under Results. Until further processing 1 ml aliquotes in 35-mm sealed petri dishes were incubated at 25°C in the dark.
Fixation
Microspores freshly isolated from the anthers and microspore-derived pro-embryos at different times of the culture were collected and fixed for confocal and electron microscopy studies. First the culture medium was removed by pipetting it out with a 1 ml tip pushed to the bottom of the petri dish to prevent the microspores from being uptaken. After washing in 0.4 M mannitol, the pellet was resuspended in 300 ll of 0.4 M mannitol. Then, drops of 50 ll were placed on either 3.5-cm petri dishes or 8-well culture chambers (Lab-Tek chamber slides, Nalge Nunc International Corp., Naperville, IL, USA). The same volume of a solution of 0.8% phytagel in 0.4 M mannitol was mixed to each drop and finally solidified by adding 2 ll of 1 M CaCl 2 per 100-ll drop. By this process, the microspores were immobilised in a layer to ease subsequent handling for microscopy. Fixation was performed with a solution of 4% paraformaldehyde in 0.25 M maltose, pH 7.2, overnight at 4°C. The samples were stored until final use in 0.1% paraformaldehyde in 0.25 M maltose at the same temperature.
Confocal microscopy
The phytagel blocks were detached from the petri dishes, washed in PBS and the layer containing the microspores was carefully cut off under the binoculars with a razor blade. Then it was placed onto a slide and stained with a solution of 1 lg/ml DAPI in water and 1% triton XÀ100 for 10 min. After washing in water and adding 50 ll of a 1:1 mixture of glycerol/PBS, a coverslip was placed onto the specimen and sealed with nail varnish without squashing. The specimens were observed in a LEICA TCS-SP2-AOBS confocal microscope under a UV laser (351 nm) and Z-series of optical sections of 0.5 lm were collected.
Measurement of fluorescence intensity, nuclear areas and volumes
Analysis of confocal images was performed with the LEICA software LCS, version 2.5 Build 1227. A stack of consecutive optical sections spanning single, complete nuclei were analysed separately from the rest of the Z series to avoid the overlapping of the fluorescence signal coming from adjacent nuclei. We outlined a region of interest (ROI) in the stack following the contour of a DAPI-stained nucleus. Using the processing software, we measured that area and the intensity of fluorescence (a number between 0 and 255 per pixel, corresponding to the 256 grey levels, 0 being absence of fluorescence). The area given is that of the ROI and therefore the maximum area of the nucleus; the intensity is the sum of the values for each pixel within that ROI in the stack spanning individualised nuclei, therefore this is the intensity of a volume. When the ROI is dragged to a dark region, the area remains the same but the intensity value is 0. These measurements were performed in a total number of 210 nuclei from 66 microspores and pro-embryos. The area and fluorescence intensity data were collected, exported to Microsoft Excel for analysis and the determination of correlation coefficients between the area and the intensity, and represented in histograms. X and Y projections of the series were also obtained to study the relative spatial position of adjacent nuclei. We also determined some nuclear volumes by contouring an ROI on each optical section from the stack in which a particular nucleus was contained, then measuring the area on each section, summing these up and multiplying by the thickness of the optical sections. This was performed on seven out of the nine nuclei of the pro-embryo imaged in Fig. 1 , to correlate the nuclear volume with the measurement of the area and intensity of fluorescence.
Electron microscopy
Specimens from the same cultures as studied on the confocal microscope were processed for electron microscopy. These were contained in 8-well chamber slides that, because of their reduced volume/well, were well suited to facilitate the exchange of solutions and to produce polymerised blocks with a size similar to that obtained with the capsules normally used in electron microscopy. After washing in PBS, the samples were dehydrated in a series of methanol with a progressive lowering of temperature (PLT) in a LEICA AFS device (Coronado et al. 2002) , and infiltrated in LR white resin (Agar Scientific) at À20°C as previously described (Gonza´lez-Melendi and Shaw 2002) . Polymerisation was performed at the same temperature under UV light. The polymerised blocks were mechanically detached from the plastic container and trimmed down to fit in the specimen holder of the ultramicrotome (Ultracut E Reichert). Serial sections of 1 lm were collected on slides and stained with toluidine blue for general structure observation on the light microscope. The selected sections were photographed in a Leitz photomicroscope equipped with a digital camera (Olympus) and re-embedded for correlative electron microscopy observation. A polymerised block of resin was glued on the section and then recovered, and attached to the block by cooling down in liquid nitrogen. Ultrathin sections were collected, stained with 5% uranyl acetate and observed under a 1012 Jeol electron microscope at 80 kV.
Results
Progression of microspore cultures
The spikes selected to start the cultures predominantly contained late microspores, which are characterised by a large vacuole. Two different stress treatments were used to induce androgenesis: (1) a cold pre-treatment (spikes kept for four weeks at 4°C) or (2) a starvation treatment (isolated microspores kept in HMG medium for 2 days at 20°C). When transferred to a nutrient medium, a first mitotic division produced two equal nuclei. This is different from the normal first pollen mitosis forming the Fig. 1a-f Partial stacks of consecutive confocal optical sections (a-e) across a multinuclear pro-embryo after DAPI staining (f). The numbers on the images indicate the limits of the partial stacks from a total number of 43 optical sections for this pro-embryo. The different groups of sections contain different complete nuclei, labelled with consecutive numbers. 7 out of the 9 nuclei of this pro-embryo were analysed. A region of interest was drawn around each nucleus and the intensity of fluorescence, area and number of nucleoli were determined (see Table 2 ). Arrows point at nucleoli in nuclei 5 and 6. Bar=10 lm Fig. 2 Histogram showing the distribution of the three types of pro-embryos (haploid, diploid and chimera) in relation to their developmental stage, as defined by the number of nuclei. Haploids were found at different developmental stages. Diploids were found up to the 8-nuclei stage. Further developed pro-embryos were mostly chimeric. A question mark labels pro-embryos with at least one nucleus in which the estimation criteria did not match vegetative and generative nuclei of the bicellular pollen grain. Both stress treatments yielded multi-nuclear structures or pro-embryos that proceeded towards embryos and finally regenerated green plantlets of which around 80% were diploid as assessed by flow cytometry (Li and Devaux 2003) . We studied the early events of microspore-derived embryos diploidisation under two stress treatments (cold and starvation). We observed that the development of the pro-embryos was slightly delayed upon starvation as compared to the cold treatment of spikes. At 3 days in culture after the spike pretreatment with cold and 4 days after the starvation of isolated microspores we found similar populations in both cases. We observed pro-embryos at different developmental stages, from the first embryogenic division up to nine nuclei pro-embryos (Fig. 1) . Further developmental stages (even up to a 35 nuclei-containing pro-embryo) were also found, but these were less abundant (Fig. 2) . This range of developmental stages was well suited for our studies on the early events of diploidisation. In all cases, the pro-embryos were confined within the exine and displayed a similar size.
Criteria for ploidy estimation in 3D confocal stacks Two major quantitative criteria and an aditional one were used to estimate the ploidy of the nuclei: (1) the intensity of fluorescence after DAPI staining; (2) the measurement of the nuclear area; (3) the number of nucleoli.
The measure of the intensity of DNA-specific dyes has been used to estimate the DNA content (Kasha et al. 2001; Williams and Friedman 2002; Testillano et al. 2004) . It is well known that the size of the cell nucleus doubles from G1 to G2 as a result of DNA replication throughout the S phase. It has also been described a relation between the nuclear size and the ploidy level in the file of endoreplicating cells that will give rise to the xylem vessels in wheat roots (Martı´nez-Pe´rez et al. 2001) and in the gigantic nuclei in the chalazal endosperm of Arabidopsis (Baroux et al. 2004) . Therefore, we used these two quantifiable markers as reliable indicators to estimate the ploidy level of each nucleus of the proembryos analysed. A good correlation (with a correlation coefficient of 0.79) was found beween the intensity and the area for the series of the total number of nuclei analysed. We also looked at the number of nucleoli, appearing as round, negatively stained structures in a DAPI background. The haploid genome of barley consists of a set of seven chromosomes of which chromosomes 6 and 7 contain the NORs (Anastassova- Kristeva et al. 1977) . Each NOR gives rise to a nucleolus that throughout the interphase can fuse to form one single, larger nucleolus (Risuen˜o and Medina 1986) . Therefore, in diploid cells we can expect to find up to four nucleoli but only numbers of three and four will unambiguously identify a diploid nucleus (one or two nucleoli are also found in haploid nuclei).
As controls of our estimates we used nuclei of freshly isolated late vacuolated microspores. These are haploid and have almost or completely finished DNA replication (Gonza´lez-Melendi et al. 2000) . The measurements of the intensity of fluorescence and the area of the nuclei of these microspores provides a series of data. The maximum values of flourescence intensity and nuclear area can be used to estimate the threshold of the 2C level of DNA (Table 1) . We also looked in the cultures for nuclei in G2 and prophase. These are easily identified after DAPI staining by a characteristic single, large nucleolus and a strong vacuolation of the microspore (Risuen˜o and Medina 1986 ) and the starting of chromatin condensation, respectively. We measured areas and intensities and calculated the average values and SE. This defines a range of areas and intensities that estimates the 2C level (Table 1 ). The maximum area and intensity for the measurements in the microspores (88.71 and 349,250) are not significantly different from the upper limit of the ranges defined by the G2 and prophase nuclei of the cultures (87.14 and 347,285, respectively). When the measurement for a single nucleus falls within or below this range, we classified it in the range 1C-2C. For values above the threshold, the nuclei are considered to be in the range 2C-4C. Then the values given in Table 2 for the diploid class of nuclei are necessarily different (bigger) than the threshold range of Table 1 . Figure 1 shows five partial stacks of consecutive optical sections at different depths across a pro-embryo in which 7 out of the 9 nuclei have been individualised from the rest to avoid overlapping of the fluorescence (the two nuclei in mitosis were not analysed) and the projection of the stack, in which we can observe the overlapping of several nuclei (Fig. 1f) . Each nucleus was outlined in the corresponding stack of optical sections where it is individualised from the rest (see Fig. 1a -e) and its area and the intensity of DAPI fluorescence was determined using the LEICA software LCS. The breakdown of fluorescence intensity and nuclear area for each nucleus is given in Table 2 . We observed a high correlation (0.9887) between the intensity and the area of the nuclei in this pro-embryo, and similar correlation coefficients in others. The correlation coefficients between the volumes and the areas and the volumes and intensities were also very high: 0.9973 and 0.9910, respectively. Then, for straightforward estimation only areas and intensity of fluorescence were used. Two nuclei (numbers 5 and 6) showed figures of nuclear area and intensity of fluorescence above the thresholds of the 2C DNA level shown in Table 1 and also contained 3 and 4 nucleoli respectively. These were considered diploids (2C-4C range) according to our estimation criteria. We also observed a differential nuclear shape: the diploid nuclei are preferentially irregular or elongated and the haploids round-shaped.
We found that according to the intensity of fluorescence criterion 74.73% of the nuclei from the pro-embryos analysed had a DNA content in the range 1C-2C (25.26% in the range 2C-4C). According to the area criterion 68.81% of the nuclei fell within the 1C-2C range (31.18% were estimated as 2C-4C). The difference between both estimates was 5.92%. This represents the percentage of nuclei that could not be classified either as haploid or diploid. The third criterion, the number of nucleoli, contributed partially. As mentioned above, numbers of 3 and 4 nucleoli identify a diploid nucleus. These numbers of nucleoli were only found in 11 nuclei, which according to the area and intensity of fluorescence criteria were considered diploid. All haploid nuclei (according with the estimation criteria) contained 1 or 2 nucleoli.
Determination of the timing of diploidisation
Three different types of pro-embryos were found according to the estimate of the ploidy level of their nuclei: haploid (all nuclei were 1C-2C), diploid (all nuclei were 2C-4C) and chimeras (nuclei with different ploidy levels, such as the one shown in Fig. 1 ). The histogram in Fig. 2 relates the different types of proembryos with their developmental stage, expressed as the number of nuclei. We found diploid nuclei from the one-nucleus to multinuclear pro-embryos. Entirely diploid pro-embryos were observed up to the 5-9 nuclei developmental stages; at further developmental stages only haploid and chimeric pro-embryos were observed (Fig. 2) , the latter presumably being intermediate stages throughout diploidisation. In a few cases, the area and intensity criteria did not coincide, as shown earlier. The pro-embryos containing at least one nucleus in which the estimation by the area and intensity criteria was different, were labelled with a question mark.
3D confocal microscopy shows clear examples of nuclear fusion
We found that most of the one-nucleus, induced microspores were diploid, whereas most of the two-nuclei structures were haploid (Fig. 2) . This result gives an indirect evidence of nuclear fusion as the mechanism of diploidisation: the two haploid nuclei from the first division in culture of the microspores would fuse producing microspores with one diploid nucleus.
In order to test this hypothesis, we analysed the 3D-organisation of the pro-embryos on the confocal microscope. Figure 3 shows X and Y projections (side panels) of selected optical sections (central panel) from a Z-series. Figure 3a shows a section across a proembryo with two haploid nuclei; the projected images on X and Y of the topmost one confirm that its round-shaped section corresponds to a spherical nucleus. The nucleus in Fig. 3b shows an elongated section. The image on the right panel reveals that its shape is the result of two merging nuclei; below we can see another view of these two nuclei, in this case, one on top of the other. Fig. 3c shows a diploid, elongated nucleus with three nucleoli and its projections. Finally, Fig 3d shows a round-shaped nucleus. The projection on the Y axis reveals that it corresponds to a diploid nucleus with four nucleoli and an elongated shape.
We looked at the structure of young pro-embryos with the resolution of the electron microscope. The projection of the whole stack of sections of this pro-embryo shows overlapping of neighbour nuclei (see Fig. 1f ). Then, partial stacks of consecutive optical sections spanning individualised nuclei were analysed separately. A region of interest was outlined around each nucleus. The area and intensity of fluorescence were then given by the image analysis program. The nuclear volumes were determined as explained in the methods section. The number of nucleoli were also counted. The ploidy level was estimated according to the thresholds of the 2C level of DNA shown in Table 1 and the number of nucleoli. All three criteria gave consistent results
In order to estimate the ploidy level of the nuclei of the pro-embryos at early developmental stages, we determined the threshold of the 2C level of DNA. We used: 1) the maximum values of the area and intensity of fluorescence found in control late vacuolate microspores, freshly isolated from the anthers and 2) the upper limit of a range defined by the average ± SE of the nuclei in the pro-embryos that completed the S phase, such as those clearly recognised in G2 and prophase shows a pro-embryo with two nuclei that looked round-shaped on this section. At a higher magnification (Fig. 4b) we observed that the nuclear envelopes of these nuclei are flat and face each other in parallel at a regular distance (in between 55 nm and 25 nm) in the region where the two adjacent nuclei converge. Along these straight nuclear envelopes (double arrows in Fig. 4c ) we can observe some regions where they fuse (arrows in Fig. 4c ). This image in Fig. 4 might be the electron microscopy counterpart of the confocal projections shown in Fig. 3b .
Ultrastructural features of diploids versus haploids
We looked for the presence/absence of cell wall in 3D confocal stacks of two-nuclei pro-embryos by combining DAPI fluorescence and differential interference contrast (Nomarski optics). Figure 5 shows two examples. The different look of the two nuclei of the pro-embryo on the left (Fig. 5a ) indicates that they are in a different phase of the cell cycle (the nucleus on the right can be easily identified at prophase). According to our estimation criteria these two nuclei are diploid. Observation of the same pro-embryo at different plane foci under differential interference contrast reveals a complete cell wall between these two nuclei (arrows in Fig. 5b ). Figure 5c shows two equal nuclei at a very close distance. The measure of their area and fluorescence intensity clearly identify them as haploid. We did not observe the presence of the wall in between these two nuclei under Nomarski (Fig. 5d) .
On the light microscope we selected semithin sections stained with toluidine blue of pro-embryos containing haploid and diploid nuclei according to their morphological features (Fig. 6a) and then recovered these sections for correlative ultrastructural studies on the electron microscope of the same pro-embryos ( Fig. 6b-d) . Haploid cells were small, quite regular in size and separated by straight cell walls (Fig. 6c) . A round-shaped nucleus was placed opposite to a big cytoplasmic vacuole with deposits inside (Fig. 6c) . Diploid cells were larger, walled off by sinuous cell walls and with big vacuoles, in case two, at both sides of the cell nucleus (Fig. 6d) . The nuclei were also large, with a lobulated (Fig. 6e) or elongated (Fig. 6f) shape that showed a groove as a trace of the nuclear fusion (arrowheads). In some ultrastructural sections of diploid cells, we found incomplete cell walls (double arrows in Fig 6b and 6e) . We have used the confocal microscope to separate stacks of consecutive optical sections, spanning single nuclei, from a Z series. A number of quantitative markers could then be determined from each nucleus. We have used the measure of the intensity of fluorescence after DAPI staining, the nuclear area and, additionally, the number of nucleoli. We have found a high correlation between the area and the intensity of fluorescence in most of the specimens analysed and with the identification of diploid nuclei by the number of nucleoli when this was possible. Our criteria gave consistent estimates. In order to maximise the possibility of reliable estimates we propose to use as many measurable features that can be collected from each individualised nucleus as possible. Our methodological approach steps forward from cytomorphometric estimates based on other types of microscopes (Kasha et al. 2001 ) that cannot separate the fluorescence signal coming from adjacent nuclei and can produce misleading interpretations. Therefore, it limits the study to a very few non-overlapping nuclei within very young pro-embryos. Using the confocal microscope we were able to study further developmental stages up to a 35-nuclei pro-embryo in order to determine the timing of diploidisation.
Diploidisation is an ongoing process throughout androgenesis
We have found fully diploid pro-embryos up to the 5-9 nuclei stage. These will develop from a diploisation event occuring at the first androgenetic division. At further developmetal stages diploid nuclei were only observed in chimeric pro-embryos. These will be produced by a diploidisation event in haploid pro-embryos. Diploidisation is an ongoing process that can occur after the first (resulting in diploid embryos), but also at successive divisions (producing chimeric pro-embryos). The chimeric pro-embryos would be intermediate stages throughout diploidisation. This result is not in agreement with previous data reported by Kasha et al. (2001) . According to this paper, diploidisation is established in the first division but the authors did not analyse any later stages. They measured the DNA content in reprogrammed microspores with one or two nuclei and concluded that chromosome doubling occurs at the first division. A limitation of this approach was that multinuclear pro-embryos were not amenable to the technique employed because of the overlapping of nuclei. In the work we present here further developmental stages were included in the analyses and diploidisation was found to be an ongoing process that can occur at the first or subsequent divisions.
Nuclear fusion is the main mechanism of diploidisation Imaging of DAPI stained pro-embryos on the confocal microscope showed that haploid nuclei were roundshaped with up to two nucleoli; diploid nuclei had an elongated or lobulated shape and a maximum number of 4 nucleoli were seen (Figs. 1, 3 and 5 ). This describes a qualitative feature (the shape of the nuclei) as an additional criterion to the estimates based on quantitative markers. Examination of orthogonal projections of 3D Fig. 4a-c Observation on the transmission electron microscope of a region containing the two nuclei of a pro-embryo. A further evidence of nuclear fusion was found on the electron microscope. a shows an induced microspore with two nuclei in very close vicinity. At higher magnification (b) of the boxed area in (a) we observed that the nuclear envelopes of these nuclei are flat and face each other in pararel at a regular distance in the region where the two adjacent nuclei converge. Along these straight nuclear envelopes (double arrows in c) we can observe some regions where they fuse (arrows in c). Bar=1 lm; in c=200 nm stacks and electron microscopy showed clear examples of nuclear fusion (Figs. 3 and 4) . The merging of two haploid, round-shaped nuclei, gives rise to a diploid, elongated or irregularly shaped nucleus. This was confirmed by our estimates of the ploidy level of these nuclei being the result of a nuclear fusion. Oval and irregularcontour shapes have also been described in nuclei where nuclear fusion contributes to polyploidisation (Baroux et al. 2004) . A similar mechanism has been observed in young maize microspore-derived embryos, but occurring at later developmental stages, from 5/7 days in culture (Testillano et al. 2004) . A further, genetic evidence comes from heterozygotes found after applying sodium azide, as a mutagenic agent, to a population of cultured barley microspores, suggesting that chromosome duplication occurred before mutagenesis (Castillo et al. 2001) . Nuclear fusion in barley microspore-derived embryogenesis was already reported based upon analysis of squashes of DAPI-stained specimens and densitometry of Feulgen staining (Kasha et al. 2001) . The images about nuclear fusion that resulted from this approach do not provide evidence, since the nuclei shown might be apart from each other in the third dimension, which cannot be shown by 2-D pictures. This method can lead to misinterpretations (such as the timing of diploidisation as discussed above) since the observation of squashes of DAPI-stained pro-embryos on conventional fluorescence microscopes does not permit discrimination of nuclear fusion from two adjacent nuclei lying one on top of the other.
The confocal permits examination of the 3D arrangement of a pro-embryo to observe whether there is a close contact between two nuclei. Baroux et al. (2004) have also used the confocal microscope to describe nuclear fusion in the polyploid nuclei of the chalazal endosperm. Our contribution stands beyond other related works since we have developed a technical advance that permitted the study of further developmental stages (up to a 35 nuclei pro-embryo) that are not amenable to analyses based on squashes or wholemounts because of the overlapping of fluorescence.
Although 3D-confocal imaging and electron microscopy provided clear snapshots of nuclear fusions and this is likely to be the main force of diploidisation, we cannot definitely rule out the contribution of alternative mechanisms that also occur in plants. Endoreplication has been described in hypocotyls, leaf epidermis, root tips, thrichomes and endosperm, and is normally associated with growth increase and higher metabolic capacity (Edgar and Orr-Weaver 2001) . Multinuclear cells produced by mitotic divisions without cell wall formation have been found in the binucleate tapetal cells, the female gametophyte and the coenocytic endosperm, during early seed development (Olsen 2004) . Nuclear fusion is a less frequent mechanism that has recently been described as contributing to polyploidisation in the nuclei of the chalazal endosperm in Arabidopsis (Baroux et al. 2004 ). Although it is evident that a diploid plant has more advantages than a haploid, further experiments will be needed to explain why nuclear fusion is the major contributor to diploidisation in androgenesis instead of other, less costly mechanisms.
The lack of cell wall separating two nuclei would not be sufficient to explain nuclear fusion since under situations of altered cytokinesis this phenomenon has not been reported. Expression of a kinase-negative mutant of NPK1, a MAPK involved in the signalling of cell plate synthesis results in the generation of multinucleate cells with incomplete cell plates in cultured BY-2 tobacco cells (Nishihama et al. 2001) . In gemini pollen1 mutants of Arabidopsis also, partial cell walls were observed (Park and Twell, 2001) . Later on these mutants were identified to be defective in MOR1, a MAP with a role in the formation of the phragmoplast (Twell et al. 2002) . In cells in proliferation a treatment with caffeine, a blocking agent of cytokinesis, produces binucleate cells without the formation of a cell wall (Lo´pez-Sa´ez et al. 1966; Risuen˜o et al. 1968 ). In the proliferating system under study two daughter nuclei resulting from mitosis coexist within the same cytoplasm, are brought together and fuse their envelopes. Then the concurrence of additional circumstances beyond the formation of the cell wall is needed. A possible explanation might be a disorder in the normal sequence: mitosis, phragmoplast formation, cell plate signalling and cytoplasm divi- Fig. 5 Visualisation of DAPI staining (a and c) and differential interference contrast (Nomarski) (b and d) in two-nuclear proembryos. The one on the top row shows two nuclei that are not synchronized in the same phase of the cell cycle (the one on the right is clearly recognized at prophase), therefore they cannot coexist within the same cytoplasm. In b we can observe a cell wall (arrows) between both nuclei. In the lower row we see a pro-embryo with two closed up, round-shaped nuclei that look alike (c). No evident cell wall between them was observed under Nomarski (d). Bar=10 lm sion,which produces binucleate cells. Then, an unknown force would drive the nuclei together and fuse them, resulting in a cell with a doubled genome. Fig. 6a-f Correlative light and electron microscopy of proembryos containing haploid and diploid nuclei. These were identified on the light microscope (a) and recovered for electron microscopy in order to analyse their ultrastructural features (b-f). Haploid cells were small, quite regular in size and separated by straight cell walls (c). A round-shaped nucleus was placed opposite to a big cytoplasmic vacuole with deposits inside (c). Diploid cells were larger, walled off by sinuous cell walls and with big vacuoles, in case two at both sides of the cell nucleus (d). Bar in b-d = 10 lm. The nuclei were also large, with a lobulated (e) or elongated (f) shape that showed a groove as a trace of the nuclear fusion (arrowheads). In some ultrathin sections, we found incomplete cell walls (double arrows in b and e). Bar in e-f = 2 lm b
